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Fertilizers and pesticides are widely used within Iowa and throughout the Midwest 
(Gianessi,1986). Many of these chemicals are water soluble and leach into groundwater. It 
is not surprising that agrichemical contamination of groundwater is a widespread problem in 
the Midwest (Hallberg, 1986). Surface water bodies (lakes, rivers, etc.) also exhibit 
contamination resulting from agricultural practices (Thunnan et al., 1992); however, the 
extent to which contaminated groundwater contributes to surface water quality (or vice-versa) 
within watersheds dominated by glacial sediments is largely undocumented (Lee and Hynes, 
1978; Prince, et al., 1989). The purposes ofthis study are; 1) to determine the quantity and 
quality of groundwater contribution to a section of a central Iowa stream, and 2) to assess 
groundwater's role in the degradation of water quality in the stream. 
The subject of this study is Bear Creek, a small central Iowa stream located within 
glacial sediments of the Des Moines Lobe. The study is part of a larger interdisciplinary 
research project investigating the effectiveness of buffer strips on agricultural activities, 
including non-point source (NPS) pollution. Buffer strips are zones of perennial vegetation 
adjacent to streams that restrain runoff, process nutrients and agrichemicals, stabilize the 
channel, and restore wildlife habitat (Schultz, 1993). An important concern of this project is 
the buffer strip's ability to intercept, retain, and process non-point source contaminants 
derived from row-crop agricultural practices. Ideally, groundwater flowing through the 
buffer strip and into the stream will lose contaminants, resulting in a net increase in surface 
water qUality. Previous buffer strip research has failed to address groundwater flow and 
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transport; hence, this project is unique because it includes a significant hydrogeological 
research component. Delineation of the hydrogeology has been important to this project 
because although more than one groundwater flow system occurs at the site (Simpkins, 
1993), only the water table flow system is likely to be affected by the buffer strip. 
Groundwater flow and its contribution to stream discharge and water quality must be 
determined in order to assess the role of the riparian buffer strip in mitigating surface water 
quality. 
Thesis Organization 
The focus of this thesis is a manuscript suitable for submission to a scientific journal. 
The manuscript, entitled: "Determination of the quantity of groundwater discharge to a 
section of Bear Creek in central Iowa", follows the format of the journal, Ground Water. 
Groundwater and surface water quality data, though compiled during the study period, are not 
considered within the manuscript, but are included in appendices. All figures and tables 
referred to within the manuscript are included at the end of the manuscript, following the 
reference section. Tables are listed before figures. A general summary of the research and 
references cited outside the manuscript follow the tables and figures. Appendices of project 
data and calculations directly and/or indirectly involved in the study conclude the thesis. 
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PAPER. DETERMINATION OF THE QUANTITY OF GROUNDWATER DISCHARGE 
TO A SECI10N OF BEAR CREEK IN CENTRAL IOWA 
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ABSTRACT 
Groundwater's contribution to surface water contamination from agricultural 
activities is poorly understood, particularly in till-dominated watersheds. The purpose of this 
study was to estimate the quantity of groundwater discharge to a 737-meter long section of 
Bear Creek in central Iowa. The site is located on an 18 hectare section of a private farm 2.5 
km north of Roland, Iowa, Holocene alluvium and late Wisconsin till and supraglacial 
.sediment of the Des Moines Lobe (Dows Formation) overlie limestone, shale, and sandstone 
of Mississippian age (St. Louis Formation). Groundwater discharge to the creek was 
estimated using: 1) Darcy's Law, using hydraulic gradient and K data from minipiezometers 
in the creek, 2) seepage meter data, and 3) mass balance. Calculated groundwater discharges 
exhibited good general agreement between methods during April and May, 1994, and were 
1.0 Lis (Darcy's Law), 0.7 -1.0 Lis (seepage meters), and less than 2 Lis (mass balance), 
Seepage meters indicated variability of groundwater discharge rates with sediment type. 
Mass balance revealed that upstream water and drainage tile flow within the site typically 
contribute over 95% of stream discharge, and groundwater samples from directly beneath the 
stream channel contain much less N03-N and atrazine than ambient stream water. The effect 
of low groundwater discharge rates coupled with the water quality data suggest that 
groundwater may not be a significant contributor to agrichemical contamination of surface 
water in this till-dominated watershed. 
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INTRODUCTION 
Agrichemicals are widely used throughout the com and soybean belt of the Midwest 
(Gianessi, 1986). Many of the chemicals are partially water soluble and leach into 
groundwater. Agrichemical contamination of groundwater is a widespread problem within 
the Midwest (Hallberg, 1986). Surface water also exhibits contamination resulting from 
agricultural practices to an even greater extent (Thurman et al., 1992); however, the extent to 
which contaminated groundwater contributes to surface water quality within watersheds 
dominated by glacial sediments is largely undocumented (Lee and Hynes, 1978; Prince, et al., 
1989). The purposes of this study are 1) to determine the quantity of groundwater 
contribution to a section of Bear Creek, and 2) to assess groundwater's role in the 
degradation of water quality in the creek. 
The subject of this hydrogeologic study is Bear Creek, a small central Iowa stream 
within the Des Moines Lobe glacial sediments. The study is part of a larger interdisciplinary 
research project investigating the effectiveness of a constructed multi-species riparian buffer 
strip as a best management practice. An important aspect of this project is the buffer strip's 
ability to intercept, retain, and process non-point source (NPS) contaminants derived from 
row-crop agricultural practices. Previous buffer strip research has failed to adequately 
address groundwater flow and contaminant transport; hence, this project is unique because it 
includes a significant hydrogeological research component. Delineation of the hydrogeology 
has been important to this project because more than one groundwater flow system occurs at 
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the site (Simpkins, 1993a). When several flow systems are present within a catchment, a 
stream may receive contributions from each of the flow systems (Hill, 1990). Only the water 
table flow system is likely to be affected by buffer strip processes, whereas deeper flow 
systems will not be affected. Groundwater flow and its contribution to stream discharge and 
water quality must be determined in order to assess the role of the constructed mUlti-species 
riparian buffer strip in mitigating surface water quality. Previous estimates of the quantity of 
interaction between groundwater and streams have relied heavily upon modeling and 
hydrograph separation rather than direct measurement. This study employed Darcy's Law, 
seepage meters, and mass balance to directly determine the quantity of groundwater discharge 
to a section of Bear Creek. 
Physical Setting 
Bear Creek is a major tributary of the Skunk River, draining nearly 110 km2 of gently 
undulating croplands within central Iowa (Figure 1). It has a total length of 34.8 km and has 
over 27.8 km of major tributaries. Over 85% of the watershed is dedicated to agricultural use 
(primarily com and soybean production), and an extensive network of drainage tiles exists. 
Agrichemical contamination of the stream is indicated by elevated levels of N03-N, and 
atrazine. Roland (population 1100) is the only municipal user of water in the basin (Schultz 
and Simpkins, 1993). A study area has been established along a 737 m reach of the stream 
on a working farm approximately 2.4 km north of Roland, Iowa. 
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Geologic Setting 
The Bear Creek watershed (Figure I) lies within the Des Moines Lobe of central Iowa 
and was glaciated between 12,000 to 14,000 years ago during the late Wisconsinan. The 
stratigraphic section at the research site is composed of Mississippian bedrock, late 
Wisconsinan till, and Holocene alluvial sediments. The Mississippian bedrock consists of 
interbedded limestone, dolomite, sandstone, and shale of the St. Louis Formation. A 79.3 m 
bedrock core of Mississippian strata was obtained in order to characterize the general 
stratigraphy of the site (Witzke and Bunker, 1993). The uppermost bedrock unit of the core 
contains a fining upwards sequence of sandstone to shale. Overlying the shale is an 
interbedded argillaceous calcitic dolomite and shale interval below unlithified Pleistocene or 
late Wisconsinan sediments. Shales within the St. Louis Formation may serve as confining 
units for flow systems within it (Witzke and Bunker, 1993). Within the site, bedrock lies at 
very shallow depths (0.9-1.5 m) beneath the creek. 
Advances of the Des Moines Lobe deposited diamicton which has been subdivided 
into the Alden Member (basal till) and Morgan Member (supraglacial sediment) of the Dows 
Formation (Kemmis et al., 1981). According to Simpkins (1993b), the Pleistocene units at 
the site are significantly different than at other sites within central Iowa. First, the glacial 
deposits at the site are thin and oxidized in many places. Additionally, the till contains higher 
than normal amounts of sand and is not very compact compared to typical Alden Member till 
of the Dows Formation. The presence of the Morgan Member and the heterogeneity within 
the site are likely due to proximity of the site (1.5 km) to the Altamont moraine (Figure 1). 
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The alluvium that forms the Bear Creek floodplain is composed of slightly organic loamy 
~ediments formed from reworked till. Within the site, the till and alluvial units are up to 7.6 
m thick. 
A major northeast-southwest trending bedrock structural high exists between Ames 
and Roland (Zimmerman and Thomas, 1953). Burch (1977) interpreted this structure to be a 
horst associated with movement of Precambrian basement complex. The research site lies 
along strike of the fault 1.5 km beyond Roland, although the existence of this structure at the 
site has not been verified. If present, the increased complexity of the stratigraphy would 
likely complicate hydrogeologic characterization of the site. 
Hydrogeologic Setting 
The presence of two groundwater flow systems, each of which is lithologically 
heterogeneous, complicates the hydrogeology at the site. The upper flow system, within late 
Wisconsinan deposits of Des Moines Lobe till and Holocene alluvial sediments overlying the 
bedrock surface, forms an unconfined, or water table flow system. The water table typically 
lies from 1.2 - 3.6 m beneath the ground surface and mimics the topography of the site. The 
water table map exhibits contours converging toward the creek, and because the water table 
lies above the creek, it demonstrates potential for contribution (Figure 2). The second flow 
system occurs within bedrock of the St. Louis Fm and is confined within portions of the study 
area. Shale and shaley limestone immediately underlying the creek are the confining units. 
Till of the Dows Fm, as well as an intermittent clayey residuum overlying the bedrock surface 
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(Simpkins, 1993b), may also serve to isolate the bedrock flow system from the shallow flow 
system. The potentiometric surface of several bedrock piezometers (P8D, P13D) adjacent to 
the creek lies above the ground surface; also indicating potential for groundwater discharge to 
the creek. Thus, the potential for contribution from each flow system to the creek can be 
demonstrated. 
Ryan (1993) estimated groundwater discharge to Bear Creek from each groundwater 
flow system. Using Darcy's Law with hydraulic conductivity and gradient data from 
piezometers adjacent to the stream, the combined contribution was estimated to be 
4.05 x 10-5 cfs/ft of stream reach, or 2.8 Us for the 737 m reach of Bear Creek used in the 
present study. The present study seeks to more closely characterize groundwater contribution 
via Darcy's Law by obtaining hydraulic conductivity and gradient data from directly beneath 
the stream bed. Further, two additional methods were employed to provide additional 
estimates of groundwater contribution at the site. 
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METHODOLOGY AND INSTRUMENTATION 
In order to account for the influence of geology on groundwater discharge, the reach 
of Bear Creek studied was divided into three zones: north, central, and south. Zone 
boundaries were based upon the presence or absence of a confining unit between the bedrock 
aquifer and water table flow system. Zone boundaries were delineated using a longitudinal 
cross section created from borehole logs of adjacent piezometer nests. Inferred contacts of 
subsurface bedrock lithologies were traced onto a plan view of the site to approximate 
locations of zone boundaries (Figure 3). 
Three independent methods: Darcy's Law, seepage meters, and mass balance, were 
used to estimate groundwater discharge to Bear Creek within the research site. In order to 
delineate the baseflow component of Bear Creek streamflow, data were gathered from each 
method during periods of low stream stage. Data runs were conducted on April 16, and May 
5, 12, 19, 1994, in an attempt to draw comparisons between methods. This intensive 
monitoring period consisted of gathering hydraulic head data from minipiezometers, and 
mUltiple repetitions of seepage meter data, and of monitoring stream and tile discharges. 
Each data run within the intensive monitoring period lasted approximately six hours, 
primarily due to seepage meter installation and data repetition. 
Darcy's Law 
Darcy's Law is given by: 
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q=-Ki 
where: q = specific discharge (discharge per unit area) 
K= hydraulic conductivity 
i = hydraulic gradient 
The product of the hydraulic gradient and hydraulic conductivity value estimates groundwater 
flux, but only over a very small area of influence. Measurements of hydraulic head were 
taken directly from piezometers in the sediments underlying the creek. A hydraulic 
potentiomanometer (Winter et al., 1988) was built and used to measure head gradients, but 
low hydraulic conductivities of shallow bedrock and till prevented quick equalization of 
heads levels and this method was abandoned. Attempts to manually drive permanent 
minipiezometers (Lee and Cherry, 1978) into the creek were limited by the bulk density of 
shallow bedrock and unoxidized till. In addition, animals periodically destroyed the 
minipiezometer tubing, and unusually high streamflows overwhelmed the minipiezometers 
and buried them. 
Recent work by the University of Waterloo (Rudolph et aI., 1991) has demonstrated 
the use of a gasoline-powered jackhammer to emplace piezometers. Minipiezometers, 
consisting of 1.9 cm (LD.) stainless steel drive points (Solinst Inc.) were installed directly 
into the creek bed using a Pionjar jackhammer (Berema AB, Solna, Sweden). The points 
consisted of a 0.3 m long screen with a factory installed hose nipple fitting, to which 9.5 mm 
(LD.) polyethylene tubing was attached. The screens were attached to a 0.2 m section of 
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stainless steel pipe that provided a buffer between the screen and black (cast iron) pipe 
~ections. The section of stainless steel pipe was attached, in tum, to successive 0.9 m sections 
of black pipe. The portable jackhammer drove on the black pipe sections, which supported 
the tubing and protected it from sunlight, animals, and stream debris. Heads were measured 
inside the tubing with a Solinst (model 102) coaxial electric tape. 
Goals of in-stream minipiezometer (henceforth 'minipiezometer') installation were to 
obtain hydraulic head data, determine hydraulic conductivity (K), and sample groundwater. 
A transect of four mini piezometers was installed perpendicular to the streambanks within 
each of the three zones. Minipiezometers nearest the stream banks were driven to 
approximately 0.6 m below the sediment-water interface. The two inner minipiezometers 
were driven until presumed penetration of bedrock occurred at depths ranging from 0.9-2.0 
m. In order to calculate hydraulic gradients, head levels were measured weekly during the 
fall of 1993, as well as during the intensive monitoring period in April and May, 1994. Slug 
tests were performed and hydraulic conductivities determined using the method of Hvorslev 
(1951). 
In order to extrapolate the point data from Darcy's Law and areal measurements from 
seepage meters, estimates of the area of the stream channel-bottom were required. These 
were obtained by multiplying an average wetted perimeter by the centerline length of the 
creek. First, six cross sectional areas of the stream channel (two within each zone) were 
measured during the intensive monitoring period. Next, the centerline length of Bear Creek 
within each zone was determined from 111 000 scale maps based upon aerial photos. In lieu 
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of constructing a flow net to characterize groundwater flow to the creek, the flow between the 
two systems was apportioned by reducing the geometry of the stream channel to that of a 
three-sided box for the purposes of Darcy's Law (Figure 4). The combined discharge of the 
water table flow system and bedrock aquifer was based on the percentage of channel area 
involved. The relative areas of each section of the box reflect the stream channel geometry 
observed within the transects. 
Stream channel-bottom transects averaged 4.45 m and indicated high width versus 
depth profiles. To reflect this geometry within the Darcy equation, 80% of the contributing 
channel area was attributed to the bedrock aquifer, whereas the contributing area of the water 
table was estimated to be 10% on each side of the creek (Figure 4). The centerline length of 
the creek within the north, central, and south zones was found to be 196,219, and 322 m, 
respectively, yielding stream channel-bottom areas of 874,977, and 1436 m2• 
Seepage Meters 
Seepage meters have been used to measure seepage flux in a variety of surface water 
bodies including lakes, (McBride and Pfannkuch, 1975; Shaw and Prepas, 1990); streams and 
canals, (Lee and Hynes, 1978; Connor and Belanger, 1981); and coastal reefs (Lewis, 1987). 
Shaw and Prepas (1990) discussed the accuracy of seepage meters for measuring lake 
seepage. They noted anomalous, short term influxes of water into the collection bags after 
attachment to seepage meters. They also documented decreases in inflow as the plastic bag 
filled to capacity (Shaw and Prepas, 1989). Fellows and Brezonik (1980) found that these 
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inaccuracies were minimized by using large diameter (> 0.9 cm LD.) plastic tubing in the 
construction of the meters. In the present study, these inaccuracies were minimized by using 
0.95 cm (LD.) tubing and by not allowing the collection bags to accumulate >75% of their 
maximum capacity. Research conducted in streams by Lee and Hynes (1978) and Libelo and 
MacIntyre (1994) identified current effects upon the collection bag as being responsible for 
high variability of seepage meter data. Low flow conditions predominated in Bear Creek 
during the intensive monitoring period of April and May, 1994, minimizing the effects of 
moving surface waters on seepage meters. 
The seepage meters used in this study were similar to those described by Lee (1977), 
and were constructed from 15 cm long end sections of 0.25 m3 (55 gallon) metal drums. Two 
holes in each end section were drilled and fitted with #5 rubber stoppers, one of which 
contained a 0.95 cm (LD.) polyethylene tube. A one-liter plastic bag was attached to the 
polyethylene tube using a rubber band wrap. The drum end sections were slowly pushed into 
the stream bed and then a stopper with tubing and collection bag was inserted into one of the 
two holes. The remaining hole was then plugged with a solid stopper. Groundwater flux: 
q = (Vrr) I A 
where: q = groundwater flux (discharge per unit area) 
V = volume of groundwater collected 
T = period of groundwater collection 
A = cross-sectional area of seepage meter 
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is the volume of water collected in the plastic bag (as measured by a 1000 ml cylinder) during 
a given time period through the cross sectional area of the seepage meter. Values obtained 
provide a specific discharge for the cross sectional area of the meter, and again, must be 
extrapolated to account for the area of the streambed within each zone. 
Seepage meters were aligned perpendicular to the creek at three transects; one within 
each zone. Whenever possible, a seepage meter was placed alongside each minipiezometer 
during the intensive monitoring period. Within the north zone, the stage was too low to 
facilitate the emplacement of four seepage meters, so only two were used. Sample collection 
periods for the south and central zones were typically 45 minutes to one hour. Collection 
periods in the north zone were longer (1.5 - 2.0 hours) apparently because of low 
groundwater discharge rates. From two to four repetitions of each meter were taken and an 
average discharge across each transect calculated. Seepage meters were used during July and 
September, 1993; and again in spring, 1994, during the intensive monitoring period. 
Mass Balance 
The third method of determining groundwater discharge involved the installation of 
weirs to determine stream and drainage tile discharge. Two stream weirs and one tile 
monitoring weir were installed at the field site during the fall of 1993. Triangular (V -notch) 
type weirs were used. The stream weirs, with an interior angle of 150 degrees and a 
maximum head value of 0.53 m, were constructed of 12.2 m long and 2.0 m tall steel plates 
reinforced with "I" beams. Installation by tracked backhoe included trenching, placement, 
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and leveling the weirs, as well as backfilling the trench and stabilizing the weir with concrete, 
~abian stone, and rip-rap concrete. A staff gauge incremented at 0.01 ft. was installed in the 
pool above each stream weir. Staff gauges were installed and surveyed in October, 1993, and 
resurveyed in March, 1994, following ice damage incurred during winter. It was also 
necessary to instrument a drainage tile outlet at the site. This large diameter (0.5 m) tile was 
continuously submerged and contributed substantial amounts of water to Bear Creek. In 
order to obtain flowrates, the tile grade was reset and routed into a 1.8 m x 2.3 m x 0.9 m 
sh~et metal weir-box, which had an interior angle of 120 degrees and a maximum head value 
of 0.30 m. The discharge calculation associated with flow across V -notch weirs is (King and 
Brater, 1963): 
Q = 2.5 (Q/2) H2.5 
where: Q = discharge in cfs 
Q = interior angle of the 'V' notch (in degrees) 
H = height of water in the pool upstream of the weir 
relative to the 'V' notch. 
Determination of groundwater discharge using a mass balance of streamflow 
components and assuming steady stream flow conditions, would be: 
Qdownstream = Qupstream + Qprecipitation + Qrunoff + Qtiles + Qgroundwater 
where: Qdownstream = the creek discharge leaving the site at downstream weir 
Qupstream = the creek discharge entering the site at upstream weir 
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Precipitation and runoff were assumed to be zero, because field data were never collected 
during or immediately following precipitation events. With the above assumption and 
solving for the groundwater component: 
Qgroundwater = Qdownstrearn - Qupstream - Qtiles 
This equation attributes the difference in discharge between the upstream and downstream 
weirs to gains (or losses) due to groundwater and tiles along the reach of interest. The reach 
of Bear Creek between the upstream and downstream weirs contains five drainage tiles. The 
largest was fitted with the weir box, the remaining tiles were small diameter (15 cm or less) 
and were measured manually. Weirs were monitored weekly during fall, 1993 and spring, 
1994, by visual inspection of staff gauges. 
Though weirs provide accurate estimates of discharge, a limitation exists for weirs 
that are required to measure large variations in streamflow: At low stream stage, discharge 
precision is too low to discern small groundwater discharges. For example, typical stream 
stage readings (discharge in parentheses) during the intensive monitoring period of 0.71 
(108.3 Lis) and 0.70 (104.5 Lis), result in a difference of 3.8 Lis. In general, if the 
groundwater contribution to Bear Creek at the site was less than this amount, this method 
could not determine it. Similarly, small errors in stream stage recording could result in 
significant errors in calculated streamflow. Errors as small as 0.01 ft. can be caused by 
stream debris obstructing flow at the weir and wave disturbance in the pool upstream of the 
weir during visual inspection of stream stage. 
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RESULTS AND DISCUSSION 
Geology 
Borehole logs of twenty-one piezometer nests and a description of a 79.3 m onsite 
core hole were used to determine the near-creek stratigraphic relations at the site. Three cross 
sections (one from each zone) were drawn (Figures 5-7). The variation in surficial bedrock 
geology indicates an undulating or uneven bedrock surface beneath Bear Creek. A cross 
section trending NE-SW across the axis of the stream channel (Figure 8), reveals an anticlinal 
structure trending northeast-southwest, and is the source of the hydrogeologic complexity. 
Bedrock surfaces with dips of this magnitude might be considered unusual (though not 
impossible) within the mid-continent. Utilizing structural control of normally gently dipping 
mid-continent bedrock is a plausible explanation, especially when considering the regional 
and local structural setting of the site (B. Bunker and B. McKay,1994; pers. comm.). 
The geologic heterogeneity of the site inhibits a detailed depiction of the 
hydrogeology present. The stratigraphy of four site cross sections is inferred from borehole 
logs of onsite piezometers and instream mini piezometer data; specifically the depth to 
bedrock and bulk density of materials underlying the creek. The north zone showed a 
laterally continuous, thick shale layer occurring above shaley limestone bedrock and below 
till and alluvial units (Figure 5). In the vicinity of the creek, till is present on the south side 
of the creek, whereas fine-grained alluvium is opposite. Shale and till are interpreted to be a 
confining layer separating the water table and bedrock aquifers, thus limiting upward flow 
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from the bedrock aquifer. Where this confining layer is present, the flow within the water 
table system is laterally directed. Flowing bedrock wells (P13D, P8D) located adjacent to the 
creek within the north end of the site are evidence of the confining units. The central zone is 
underlain by sandstone and limestone bedrock (Figure 6). Till, though present immediately 
to the north side of the creek, is not present near the south side of the creek. The shale is 
absent, thus, flow from the bedrock aquifer to the creek is likely here, and head does not 
build up beneath the shale. Within the south zone, the stream is underlain by a till unit above 
limestone interbedded with shale (Figure 7). Although the lateral extent of shale units in the 
limestone is unclear, the shale and till likely inhibit discharge from the bedrock flow system 
to the creek. 
In the vicinity of the creek within the site, alluvium may rest directly upon bedrock 
and/or till in many places. Where the creek has cut down to bedrock and removed till, which 
is normally a confining unit, discharge from the bedrock aquifer may occur directly to the 
stream, or to the water table flow system, providing hydraulic gradients are directed upwards. 
Conversely, the water table flow system may serve to recharge the bedrock aquifer in areas of 
the site where hydraulic gradients are directed downward and confining units are absent. 
Darcy's Law 
Determination of groundwater discharge using Darcy's Law involved assumptions 
concerning the hydraulic connection between the water table flow system and bedrock 
aquifer. These assumptions were based upon lithologic information from cross sections, K 
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values of in-stream minipiezometers, and hydraulic data from site piezometers adjacent to the 
~reek. Within differing lithologies, variations in both hydraulic conductivity and gradient are 
possible. With two flow systems present, twice as many parameters (gradient, K) are 
required to calculate contribution from each flow system. As the number of parameters 
increases, the possibility for error increases as well. Unfortunately, determination of 
hydraulic parameters was severely inhibited by failure of several of the mini piezometers to 
produce groundwater, and the loss of minipiezometers due to ice breakup in Bear Creek 
during the winter of 1993-1994. 
Hydraulic conductivity values obtained were variable and indicate the presence of 
differing lithologies with depth and position within transects, supporting the lithologic 
heterogeneity interpreted in Figures 5-7 (Table 1). Complexity is evident in the deep 
minipiezometers of the south zone: Though the screen of GP2 is only 11 cm deeper than that 
of GP3, the K values are 9.5 x 10-8 mls and 1.3 x 10-5 mis, respectively. The low K value of 
GP2 is not surprising because it produced no water, unlike the other three minipiezometers in 
the transect. Slug tests were not conducted on shallow minipiezometers in the south transect 
because the black pipe sections could not be removed without disturbing the 
minipiezometers. Site piezometers located immediately adjacent to the creek provided K 
values in the absence of available in-stream mini piezometers. Deep mini piezometers of the 
central zone provided K values of 2.0 x 10-5 mls (GP6) and 3.6 x 10-5 mls (GP7), and are 
interpreted to be in sandstone. Again, slug tests were not possible on shallow 
minipiezometers; these were destroyed by ice before K values could be determined. Within 
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the north zone, only GP12 consistently produced groundwater samples, and small amounts of 
distilled water used during slug test execution of GP9, 10, 11 remained above the initial head 
level for over two weeks following the test. GP12 (K = 1.8 x 10-6 m1s) is a shallow 
minipiezometer that is screened within silty alluvium. 
Gradient determination was hindered by the failure of several mini piezometers to 
provide stable head levels and the loss of mini piezometers by ice breakup in Bear Creek 
during the winter of 1993-94. Minipiezometers which did not produce water (GP2, 9, 10, 
11) were not capable of representing ambient head levels, and thus were not used in the 
calculation of hydraulic gradients. 
To estimate groundwater contribution to the creek using Darcy's Law, the hydraulic 
gradients from the water table and bedrock flow systems were required for each zone. Water 
table gradients were derived by estimating the drop in water table surface between site 
piezometers on each side of the creek versus the elevation of the creek within each zone. 
Bedrock gradients in the north zone were measured using minipiezometer GP12 and a 
bedrock site piezometer (P15C). The site piezometer was necessary because three of the four 
in-stream minipiezometers in the north zone did not produce water. Central zone 
minipiezometer GP8 (shallow depth) was destroyed by ice during February, 1994, and a 
gradient could not be determined. For this reason, an average bedrock gradient during Fall, 
1993, was substituted. Bedrock gradients for the south zone were calculated from existing 
minipiezometers. Ryan (1993) observed the presence of an upward potential from bedrock 
piezometers proximal to the stream at the site. In the present study, gradients determined 
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from in-stream minipiezometers also demonstrate upward potentials in both the water table 
flow system and bedrock aquifer. 
Separate determination of contribution from each date of the intensive monitoring 
period was not practical for several reasons: 1) Site water table elevations were taken only on 
May 15, so calculation of water table flow system gradients for each day of the intensive 
monitoring period was not possible. 2) In-stream piezometer losses due to ice break up and 
unreliable minipiezometer hydraulic data prevented separate gradient determination in the 
central and north zones. Only bedrock gradients from the south zone could be calculated for 
each run of the intensive monitoring period. South zone gradients averaged 0.65 with a 
standard deviation of 0.01. An average contribution to streamflow was determined rather 
than separate values for each data run of the intensive monitoring period. 
Using Darcy's Law, the central zone contribution was the greatest of the three zones 
at 0.101 LIs. The high contribution is related to the lack of a confining unit in this zone. 
North and south zone contributions were only slightly less than the north zone, at 0.082 and 
0.072 LIs respectively. Darcy's Law parameters and discharges within each zone result in a 
cumulative estimate of 0.26 LIs at the site (Table 2). 
Seepage Meters 
Seepage meters indicated groundwater flow was discharging into the creek. 
Groundwater flow was into the collection bag during every repetition of seepage meter 
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measurements throughout the study, regardless of zone position. Data indicate that seepage 
varies within each zone, and across transects as well. During July and September, 1993, 
variation across an individual transect of seepage meters was investigated, and found to be 
related to sediment type. Seepage was directly proportional to sediment size (Figure 9). 
Because sediment size is related to stream velocity, seepage meters were placed in transects 
across, rather than parallel to, the stream channel within each zone during the intensive 
monitoring period. Seepage meter estimates of total groundwater contribution to Bear Creek 
ranged from 0.7 to 1.0 Lis during the intensive monitoring period (Table 3). 
Mass Balance 
Discharge data gathered through fall 1993 and spring 1994 indicate that tile discharge 
and upstream water provided most of the discharge through the weirs (Table 4). Discharge 
from the tile-monitoring weir was considerable, ranging from 5 to 29 Lis during the study 
period (Table 4). Three of the four small diameter drainage tiles were dry throughout the 
study period. Discharge from the remaining small-diameter tile was not determined because 
it occurred as a surface seep containing septic contamination. Surficial connection between 
this tile and the creek was rare during the study period, and was assumed negligible in mass 
balance calculations. Bear Creek streamflow at the site ranged from 80 to over 400 LIs, and 
was typically around 100 Lis during the intensive monitoring period (Figure lOa). Using the 
mass balance method, groundwater discharge peaked at near 14 Lis in October, 1993, and 
varied from 2.0 LIs to less than zero during the intensive monitoring period (Figure lOb). 
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The negative values contradict seepage meter data, and are possibly an artifact of the lack of 
~eir precision at low groundwater flow rates. 
The use of weirs to determine groundwater contribution is more effective at high 
streamflow rates, when seepage meters are not feasible. The weir data are not perfect 
however. Stream debris accumulates behind the weirs, and must be removed prior to stage 
determination. After cleaning, a 'pulse' of flow moves across the weir face as the pool 
upstream of the weir equilibrates. At a typical Bear Creek flow velocity of 0.15 mis, it would 
take 1.36 hours for a 'pulse' of water to traverse the distance between the two weirs. 
Therefore, sufficient time must be allowed between debris removal and inspection of stream 
stage. It is not clear how long residual effects exist in the pool upstream of the weir 
following debris removal, creating a potential error source. As the amount of weir debris 
increases, the likelihood of error increases as well. 
Throughout the study period, the amount of groundwater contributed to Bear Creek at 
the site was minor in comparison to total streamflow (Figure 11). As such, the potential 
effect of groundwater on surface water quality was minor as well. Large concentrations of 
contaminants would have to be present in groundwater for it to affect ambient concentrations 
in the creek. Samples taken from the in-stream minipiezometers exhibit lower concentrations 
of N03-N and atrazine than the stream water (Table 5); therefore the overall effect of 
groundwater on Bear Creek water quality is minimal within the study site. 
The upward potential in the vicinity of the creek as well as the presence of a confining 
unit suggests that groundwater in the bedrock aquifer is not likely to be contaminated by non-
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point source pollutants proximal to the creek. However, in any areas distal to the creek 
where the potential for downward flow exists, and/or a confining layer is not present, 
agrichernical contamination of the bedrock aquifer (which provides water for many rural 
residents) is possible. 
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SUMMARY AND CONCLUSIONS 
Groundwater discharge to a 737 m reach of Bear Creek was estimated using Darcy's 
Law, seepage meters, and mass balance. Two groundwater flow systems, water table and 
bedrock, provide discharge to the creek. Till and shale provide barriers to groundwater flow 
and confine the deeper, bedrock flow system within the north end of the site. Although till 
andlor shale are present within the central and south zones, their thickness and areal extent 
are insufficient to act as confining layers in these zones. Typical Bear Creek flowrates during 
the intensive monitoring period were slightly greater than 100 LIs, and exceeded 400 LIs 
during fall, 1993. Upstream inflow to the site and tile discharge within the site account for 
most of Bear Creek streamflow. Mass balance calculations indicate that groundwater 
discharge was as great as 14 LIs during the early fall of 1993. This is likely a function of 
record setting amounts of precipitation during the preceding months. During the intensive 
monitoring period, groundwater discharge estimates were never greater than 2.0 LIs, whereas 
tile flowrates ranged from 5.6 to 11.6 LIs. Weirs that are capable of measuring high stream 
flows lack the precision to quantify the low groundwater flow rates observed at the site. 
There is generally good agreement between Darcy's Law, seepage meter, and 
streamflow mass balance methods of determining groundwater discharge (Table 6). Darcy 
equation estimates indicate that discharge within the central zone was greater than that of 
north or south zones, but this reflects only the potential for flow. Seepage meters, on the 
other hand, indicate the north zone contributes little, whereas central and south zones provide 
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the bulk of groundwater contribution to streamflow. This seems to be a better interpretation 
based on site geology. Seepage meter estimates of total groundwater contribution were 
slightly less than the Darcy equation estimate for the same period. 
Data collected during April and May, 1994, revealed that total groundwater 
contribution to Bear Creek during periods of low streamflow never exceeded 2.0 Lis, and was 
probably less than 1 Lis. Mass balance calculations indicated that under most circumstances 
drainage tile inputs exceeded that of groundwater: Groundwater was typically less than 5% of 
total streamflow at the site, whereas tile discharge was typically 6-8% of total streamflow. 
Atrazine and N03-N levels within the drainage tiles at the site exhibited much higher 
concentrations than groundwater samples taken at various depths beneath the stream channel. 
Further, groundwater was typically less contaminated than ambient streamwater; thus 
groundwater dilutes streamwater and increases surface water quality. The combined effect of 
low groundwater discharge rates along with low agrichemical concentrations indicated that 
groundwater was not a significant contributor to surface water qUality. If surface water 
quality within Bear Creek is to improve, future research needs to focus upon management of 
drainage tile water. 
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Table 1. Hydraulic conductivity of in-stream minipiezometers 
minipiez. zone depth K lithology 
(m) (m/s) 
GP2 south 1.2 9.5 x 10-8 till/shale 
GP3 south 0.9 1.3 x 10-5 limestone 
GP6 central 1.2 2.0 x 10-5 sandstone 
GP7 central 1.0 3.6 x 10-5 sandstone 



















































































































































































































































































































































Table 3. Groundwater discharge to Bear Creek: Seepage meters 
avg. flux area discharge 
date: (ml/m2 s) (m2) (LIs) 
north zone 
4116/94 0.17 874 0.15 
5/5/94 0.20 874 0.17 
5112/94 0.17 874 0.15 
5119/94 0.16 874 0.14 
central zone 
4/16/94 0.38 977 0.37 
5/5194 0.23 977 0.22 
5112/94 0.38 977 0.37 
5119/94 0.33 977 0.32 
south zone 
4116/94 0.27 1436 0.39 
5/5/94 0.24 1436 0.34 
5112/94 0.33 1436 0.47 
5119/94 0.27 1436 0.39 
(discharge = avg. flux * area) 
cumulative discharge (Us) 
zone: total 
date: north central south discharge 
4116/94 0.15 0.37 0.39 0.91 
5/5/94 0.17 0.22 0.34 0.74 
5112/94 0.15 0.37 0.47 0.99 
5119/94 0.14 0.32 0.39 0.85 
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Table 4. Staff gauge data and calculated discharges: mass balance method 
Staff gauges (ft) Discharge (Us) 
Date Downstream Tile #1 Upstream Downstream Tile #1 Upstream GW Inflow 
IOnl93 1.14 0.49 1.10 363 20.6 335 6.4 
10113/93 1.23 0.56 1.18 443 28.8 400 14.6 
10/21193 1.11 0.50 1.08 343 21.7 320 0.9 
10127/93 1.03 0.47 1.00 284 18.6 264 1.5 
1114193 0.95 0.41 0.92 232 13.2 215 4.7 
11111193 0.87 0.36 0.83 184 9.5 166 8.5 
11117/93 0.90 0.41 0.87 203 12.8 184 6.4 
1211193 0.81 0.35 0.78 156 8.9 142 5.2 
1214/93 0.80 0.39 0.77 151 11.6 137 2.1 
12111193 0.84 0.33 0.80 168 7.4 151 9.7 
12115193 0.78 0.34 0.75 142 8.0 129 5.3 
12121193 0.93 0.39 0.90 220 11.3 203 6.1 
winter freeze-up 
4/1194 0.72 0.35 0.69 116 8.9 104 2.8 
4nl94 0.65 0.28 0.62 90 5.1 80 4.9 
4/8/94 0.67 0.32 0.64 97 7.1 87 3.4 
4114/94 0.72 0.33 0.69 114 7.7 104 2.1 
4/16/94 0.65 0.29 0.64 90 5.6 87 -2.1 
515194 0.67 0.32 0.65 97 6.8 88 2.0 
5112194 0.80 0.39 0.78 151 11.6 142 -2.4 
5119/94 0.71 0.35 0.69 112 8.6 103 1.0 
Small diameter tile discharges (Us) 
date: tile 2 tile 3 tile 4 tile 5 tota1* 
8/26/93 0.06 0.20 nd 0.11 0.37 
9/23/93 0.06 0.17 nd 0.10 0.33 
10115193 dry 0.11 nd 0.06 0.17 
1114/93 dry dry nd dry 0 
1215193 dry dry nd dry 0 
nd = not determined 
• is included in inflow calculations 
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Table 6. Groundwater discharge to Bear Creek: Method comparisons 
(all data in Lis) 
Darcy's seepage weir 
date: Law meters method 
4116/94 0.26 0.91 < 1* 
5/5/94 0.26 0.74 2.0 
5112/94 0.26 0.99 < 1 * 
5119/94 0.26 0.85 1.1 
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Fig. 4. A. Conceptual model of groundwater discharge to Bear Creek; B. Darcy's Law 
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Fig. 11. Percentage contribution to Bear Creek streamflow during May, 1994 
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GENERAL SUMMARY 
The presence of agrichemicals in ground and surface waters within the Midwest have 
caused concern about the impacts of modem farming practices. The establishment of 
vegetated zones (buffer strips) between crop fields and surface water bodies seeks to integrate 
the seemingly disparate goals of improving water quality and providing for sustainable 
agricultural. A riparian buffer strip has been established just north of Roland, Iowa, along 
Bear Creek, a small stream incised within glacial sediments of the Des Moines lobe. 
Quantitative effects of the riparian buffer strip upon groundwater quality at the site is 
currently being investigated. An intensive monitoring program within the buffer strip will 
attempt to trace contaminant losses as water moves from crop fields, through the buffer strip, 
and ultimately to the creek. Once the remedial potential has been determined within buffered 
areas as well as non-vegetated zones, an assessment of buffer strips as a best management 
practice can be made. 
Hydrogeologic research at the site has revealed extensive lithologic heterogeneity. A 
water table (unconfined) and a deeper (bedrock) flow system have also been identified, and 
exhibit potential for contribution to Bear Creek. The quantity of groundwater discharge to 
the creek is required to evaluate the effectiveness of the buffer strip on improving surface 
water quality. The quantity of groundwater discharge was determined by three methods: 
Darcy's Law (minipiezometers); seepage meters; and mass balance (weirs). Each method is 
provided a scale specific, independent estimate of groundwater contribution to streamflow. 
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Using Darcy's Law, groundwater discharge to Bear Creek during mid-May, 1994, was 
estimated at 0.23 Us. Seepage meters established discharge rates of 0.7-1.0 Us from four 
data runs conducted in April and May, 1994. Weirs used in this study were required to 
measure high streamflows, which limited the precision of low stream stage discharge 
calculations. Using mass balance, discharge to the creek was never greater than 2.0 Us. A 
comparison of methods estimated that groundwater discharge to Bear Creek was never 
greater than 2.0 LIs, and was probably not more than 1.0 Us during April and May, 1994. 
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APPENDIX A: HEAD LEVELS AND GRADIENT CALCULA nONS 
Date: Head Piez. tip Gradients Date: Head Piez. tip Gradients 
9/10193 elevation elevation (dHIdL) 9/16/93 elevation elevation (dHldL) 
GPI 1032.30 1028.07 GPI 1033.06 1028.07 
GPJ 1032.30 1026.13 GP3-GP4 down 0.05 GPJ 1032.42 1026.13 GP3-GP4 down 0.06 
GP4 1032.37 1027.44 GPI-GP4 up -0.11 GP4 1032.50 1027.44 GPI-GP4 down 0.89 
GPS 1033.40 1030.05 GP5-GP6 down 0.01 GP5 1033.49 1030.05 GP5-GP6 down 0.05 
GP6 1033.38 1028.13 GP6-GP7 up -0.17 GP6 1033.40 1028.13 GP6-GP7 0.00 
GP7 1033.39 1028.07 GP7-GP8 up -0.15 GP7 1033.40 1028.07 GP7-GP8 up ·0.10 
GPS 1033.23 1029.11 GP5-Gps down 0.18 GPS 1033.30 1029.11 GPS-GPB down 0.20 
GPI2 1034.03 1030.54 GPI2 1034.48 1030.54 
9124193 9/30193 
GPI 1032.07 1028.07 GPI 1031.11 1028.07 
GP4 1032.16 1027.44 GPI-GP4 up -0.14 GP4 1031.22 1027.44 GPI-GP4 up -0.17 
GPS 1033.32 1030.05 GP5-GP6 down 0.02 GPS 1033.34 1030.05 GP5-GP6 down O.QJ 
GP6 1033.29 1028.13 GP6-GP7 down 0.17 GP6 1033.28 1028.13 GP6-GP7 0.00 
GP7 1033.28 1028.07 GP7-GPS up -0.13 GP7 1033.28 1028.07 GP7-GPS up -0.10 
GPS 1033.14 1029.11 GP5-GPS down 0.19 GPB 1033.18 1029.11 GP5-GPS down 0.17 
GPl2 1034.31 1030.54 GPI2 1034.33 1030.54 
10/6/93 10113193 
GPt 1031.47 1028.07 GPI 1031.66 1028.07 
GP3 1031.50 1026.13 GP3-GP4 down 0.02 GPJ 1031.63 1026.13 GP3-GP4 down 0.05 
GP4 1031.52 1027.44 GPI-GP4 up -0.08 GP4 1031.69 1027.44 GPI-GP4 up -0.05 
GPS 1033.17 1030.05 GPS-GP6 down 0.04 GPS 1033.27 1030.05 GPS-GP6 down 0.03 
GP6 1033.09 1028.13 GP6-GP7 up -0.33 GP6 1033.22 1028.13 GP6-GP7 up -0.67 
GP7 1033.11 1028.07 GP7-Gps up -0.11 GP7 1033.26 1028.07 GP7-GPB up -0.13 
GPS 1033.00 1029.11 GPS-GPS down 0.18 GPB 1033.12 1029.11 GPS-GP8 down 0.16 
GPI2 1034.14 1030.54 GPI2 1034.22 1030.54 
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APPENDIX A (continued) 
Date: Hcad Piez. tip Gradients Date: Hcad Piez. tip Gradients 
10/21193 elevation elevation (dHldL) 10/27193 elevation elevation (dHldL) 
GPI 1031.51 1028.07 GPI 1031.40 1028.07 
GP3 1031.52 1026.13 GP3-GP4 down 0.04 GP3 1031.41 1026.13 GP3-GP4 down 0.02 
GP4 1031.57 1027.44 GPI-GP4 up -0.10 GP4 1031.44 1027.44 GPI-GP4 up -0.06 
GP5 1033.13 1030.05 GP5-GP6 down 0.02 GPS 1033.07 1030.05 GP5-GP6 down 0.03 
GP6 1033.10 1028.13 GP6-GP7 up -0.33 GP6 1033.02 1028.13 GP6-GP7 up -0.17 
GP7 1033.12 1028.07 GP7-GPS up -0.15 GP7 1033.03 1028.07 GP7-GP8 up -0.14 
GPS 1032.96 1029.11 GP5-GPS down 0.18 GPS 1032.88 1029.11 GP5-GP8 down 0.20 
GP12 1034.11 1030.54 GPI2 1033.25 1030.54 
11/3/93 11111/93 
GPI 1031.28 1028.07 GPI 1031.21 1028.07 
GP3 1031.27 1026.13 GP3-GP4 down 0.05 GP3 1031.20 1026.13 GP3-GP4 down 0.02 
GP4 1031.33 1027.44 GPI-GP4 up -0.08 GP4 1031.22 1027.44 GPI-GP4 up -0.02 
GPS 1032.97 1030.05 GP5-GP6 down 0.02 GPS 1032.83 1030.05 GP5-GP6 down 0.01 
GP6 1032.93 1028.13 GP6-GP7 up -0.33 GP6 1032.81 1028.13 GP6-GP7 up -0.17 
GP7 1032.95 1028.07 GP7-GPS up -0.13 GP7 1032.82 1028.07 GP7-GPS up -0.14 
GPS 1032.81 1029.11 GP5-GPS down 0.17 GPS 1032.67 1029.11 GP5-GPS down 0.17 
GPI2 1034.03 1030.54 GPI2 1033.95 1030.54 
11117193 12/4/93 
GPI 1031.25 1028.07 GPI 1031.18 1028.07 
GP3 1031.27 1026.13 GP3-GP4 down 0.02 GP3 1031.17 1026.13 GP3-GP4 down 0.01 
GP4 1031.29 1027.44 GPI-GP4 up -0.06 GP4 1031.18 1027.44 GPI-GP4 0.00 
GPS 1032.93 1030.05 GP5-GP6 down 0.02 GPS 1032.68 1030.05 GP5-GP6 up -0.06 
GP6 1032.90 1028.13 GP6-GP7 down 0.17 GP6 1032.79 1028.13 GP6-GP7 up -0.17 
GP7 1032.89 1028.07 GP7-GPS up -0.13 GP7 1032.80 1028.07 GP7-GP8 up -0.21 
GPS 1032.76 1029.11 GP5-GPS down 0.18 GPS 1032.58 1029.11 GP5-GP8 down 0.11 
GPI2 1034.02 1030.54 GP12 1033.92 1030.54 
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APPENDIX A (continued) 
Date: Head Piez. tip Gradients Date: Head Piez. tip Gradients 
3118194 elevation elevation (dHldL) 3122194 elevation elevation (dHldL) 
OPI 1031.99 1028.07 GPI 1031.54 1028.07 
GP3 1031.61 1026.13 GP3-GP4 up -0.64 GP3 1031.53 1026.13 GP3-GP4 up ·0.62 
OP4 1030.77 1027.44 GPI-GP4 down 1.94 GP4 1030.72 1027.44 GP1-CiP4 down 1.30 
OP5 1033.02 1030.05 GP5-GP6 down 0.13 GP5 1032.97 1030.05 GP5-CiP6 down 0.13 
0P6 1032.77 1028.13 GP6-GP7 up -0.67 GP6 1032.72 1028.13 GP6-GP7 up -0.33 
0P7 1032.81 1028.07 GP7 1032.74 1028.07 
411/94 4116/94 
OPI 1031.45 1028.07 GPI 1030.12 1028.07 
0P3 1031.42 1026.13 GP3-CiP4 up -0.64 GP3 103\.37 1026.13 GP3-CiP4 up -0.63 
OP4 1030.58 1027.44 GPl-CiP4 down 1.38 GP4 1030.54 1027.44 GPl-CiP4 up -0.67 
OP5 1032.86 1030.05 GP5-CiP6 down 0.14 GPS 1032.85 1030.05 GP5-CiP6 down 0.14 
0P6 1032.60 1028.13 GP6-GP7 up -0.17 GP6 1032.59 1028.13 GP6-GP7 up -0.33 
GP7 1032.61 1028.07 GP7 1032.61 1028.07 
515194 5/12194 
OPI 1031.43 1028.07 GPI 1031.54 1028.07 
0P3 1031.43 1026.13 GP3-CiP4 up -0.64 GP3 1031.53 1026.13 GP3-CiP4 up -0.65 
OP4 1030.59 1027.44 GPl-CiP4 down 1.33 GP4 1030.68 1027.44 GPI-CiP4 down 1.37 
OP5 1032.90 1030.05 GP5-GP6 down 0.17 GPS 1032.95 1030.05 GPS-CiP6 down 0.16 
0P6 1032.57 1028.13 GP6-GP7 up ·1.17 GP6 1032.64 1028.13 GP6-GP7 up -1.50 
0P7 1032.64 1028.07 GP7 1032.73 1028.07 
5119194 
OPI 1031.43 1028.07 
0P3 1031.45 1026.13 GP3-CiP4 up -0.67 
OP4 1030.57 1027.44 GPl-CiP4 down \.37 
OP5 1032.90 1030.05 GP5-CiP6 down 0.16 
0P6 1032.59 1028.13 GP6-GP7 up ·\.33 
0P7 1032.67 1028.07 
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APPENDIX B: CALCULATION OF HYDRAULIC CONDUCTIVITIES 
GP3 GP2 
time (s) hlho time (s) hlho 
0 1.00 0 1.00 
2 0.83 2S 0.98 
4 0.69 65 0.95 
7 0.57 20S 0.S2 
8 0.48 S02 0.61 
10 0.38 
14 0.27 GP6 
17 0.21 time (s) hlho 
21 0.14 0 1.00 
2S 0.10 2 0.74 
4 0.60 
After Hvorslev (1951): 
K= r2 In (lJR) I 2 L To UR>S? (yes) 
where: K = hydraulic conductivity 
To = time for head to fall to 37% of initial change 
r = radius of casing 
L = length of the well screen 
R = radius of the well screen 
From slug test plots of hlho vs. time: 
Minipiez. To K 
(s) mls 
GPZ To=15 10 9.5xlO,8 
GP3 To=ll 1.3xlO's 
GP6 To=7.1 2.0xlO's 
GP7 T0=4.0 3.6xlO's 
GP12 To=SO I.SxlO-6 
GP7 
















APPENDIX C: SEEPAGE DATA; JULY/SEPT .• 1993 
Total time Volume Seepage flux Sediment Stream Date 
(minutes) (m\) (mVm2s) type position 
60 1060 1.15 GRAVEL- Inside bend 7f28/93 
60 855 0.93 SAND-- Owmel 7f28/93 
59 585 0.65 SAND Channel 7f28193 
60 245 0.27 Sn.T*-- Outside bend 7f28193 
55 975 1.16 GRAVEL Inside bend 7f28193 
62 195 0.21 Sn.T Outside bend 7f28193 
458 1545 0.22 SAND Owmel 7f28193 
51 1100 1.41 SAND Owmel 7f28193 
52 920 1.16 GRAVEL Inside bend 7f28/93 
39 1230 2.06 GRAVEL Inside bend 7f28/93 
40 755 1.23 GRAVEL Inside bend 7f28193 
37 1265 2.23 SAND Channel 7f28193 
35 1000 1.87 SAND Owmel 7f28/93 
30 170 0.37 Sn.T Outside bend 7f28193 
56 915 1.07 GRAVEL Inside bend 7f29193 
56 875 1.02 SAND Owmel 7f29193 
58 940 1.06 SAND Owmel 7f29193 
120 670 0.36 Sn.T Outside bend 7f29193 
120 395 0.22 Sn.T Outside bend 7f29193 
55 1250 1.49 GRAVEL Inside bend 7f29193 
55 970 1.15 SAND Owmel 7f29193 
58 1305 1.47 SAND Owmel 7f29193 
63 1520 1.58 GRAVEL Inside bend 7f29193 
59 92S 1.02 SAND Owmel 7f29193 
59 1195 1.32 SAND Owmel 7f29193 
109 460 0.28 Sn.T Outside bend 7f29193 
109 370 0.22 Sn.T Outside bend 7f29193 
55 1200 1.43 GRAVEL Inside bend 7f29193 
55 800 0.95 SAND Owmel 7f29193 
54 1115 1.35 SAND Owmel 7f29193 
75 175 0.15 Sn.T Outside bend 9/17193 
72 618 0.56 SAND Owmel 9/17193 
79 360 0.30 SAND Owmel 9/17193 
81 500 0.40 Sn.T Outside bend 9117193 
62 150 0.16 Sn.T Outside bend 9/17193 
68 940 0.90 SAND Owmel 9/17193 
65 620 0.62 SAND Owmel 9/17193 
64 325 0.33 Sn.T Outside bend 9/17193 
41 140 0.22 Sn.T Outside bend 9/17193 
38 452 0.78 SAND Owmel 9/17193 
38 695 1.20 SAND Owmel 9117193 
39 192 0.32 Sn.T Outside bend 9117193 
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APPENDIX G: BEAR CREEK WATER CHEMISTRY 
NO) -N (mg/L) 
date: north central south 
9/3/93 7.9 6.78 5.79 
9n.5193 8.6 7.22 
10115193 8.22 9.2 9.21 
1114193 9.62 
1216193 3.1 2.53 2.6 
116/94 4.59 5.69 5.17 
chloride (mg/L) 
date: north central south 
8126193 4.71 4.07 3.13 
9/3/93 7.90 6.78 5.79 
9n.5/93 8.60 7.22 
10115193 8.22 9.20 9.21 
1114193 9.62 
1216/93 3.10 2.53 2.60 
116194 4.59 5.69 5.17 
atrazine OJ.~) 
date: north central south 
8/26193 0.64 0.72 
9/3/93 0.63 0.65 0.58 
9123/93 0.45 0.5 0.54 
10/8/93 0.33 0.22 
1114/93 0.28 0.49 1.22 
1216193 0.23 0.16 0.18 
1/6/94 0.59 0.45 0.4 
214/94 0 0 0 
3/3194 0 0 0 
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APPENDIX HI: GROUNDWATER CHEMISTRY; NITRATE (N03-N) 
south zone central zone north zone 
date: GPI GP2 GP3 GP4 GP5 GP6 GP7 GP8 GP9 GPIO GPll GP12 
919193 0 2.34 3.7 0 0.35 0 
9116193 0 2.52 2.14 0 0 0.7 0 0 
9124193 0 1.95 2.77 0 0 0.6 0 1.33 
9/30193 0 2.6 3.03 0 0 0 
10/6193 0 2.98 3.24 0 0 0.3 0 
10113193 0 1.36 3.82 0 0 0.24 0 
10121193 0 1.32 2.3 0.39 0.23 0.27 0 
10127193 0 2.73 4.39 0 0.29 0.37 0 
11/3193 0.34 2.02 3.15 0.41 0.32 0.65 0 1.08 
11111193 0.39 1.57 3.92 0.45 0 0 0 1.14 
11117193 0 1.44 2.61 0.34 0.44 0.2 0 0 
12111193 0 0.93 1.81 0 0 0.22 0 
1215193 0.21 1.01 2.55 0 0 0 
All concentrations in mgIL. Analysis by ion selective electrode. Detection limit:0.2 mgIL. 
(blank) = no sample taken 
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APPENDIX H2: GROUNDWATER CHEMISTRY; ATRAZINE 
south zone central zone north zone 
date: GPI GP2 GP3 GP4 GP5 GP6 GP7 GP8 GP9 GPI0 GP11 GP12 
9/9/93 0.26 0.6 0.27 0 0 0.13 0 0 0.38 0.52 
9116/93 0.16 0 0.06 0.06 0 0 0 0.37 0 
9124193 0.45 0.06 0 0 0.13 0 0.11 0 
9/30193 0 0 0 0 0 0 0 0 0.06 0 





11111193 0.1 0 0.2 0 0.05 0.24 0.08 0 
11117193 0.13 0 0 0.11 0 0.12 0.21 0.06 
1214/93 0.12 0 0.06 0 0 0 0 0 
12111193 0.14 0 0.06 0.31 0 0.07 
AU concentrations in parts per billion (PPB). Detection limit:O.02 PPB. 
(blank) = no sample taken 
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APPENDIX H3: GROUNDWATER CHEMISTRY; CHLORIDE 
south zone central zone north zone 
date: GPI GP2 GP3 GP4 GP5 GP6 GP7 GP8 GP9 GPI0 GPll GP12 
9/9/93 7.02 16.2 1.37 1.17 6.16 
9/16/93 5.96 14.4 15 1.27 1.45 1.08 5.26 6.84 
9/24/93 5.87 15.6 15.5 1.1 0.96 1.2 4.96 5.84 
9130/93 6.22 15.6 16.3 1.18 0.9 1.22 5.05 6.09 
10/6/93 5.79 16.5 17.3 1.07 0.81 1.03 5.35 4.59 
10/13/93 6.47 15.9 17.4 1.02 0.83 0.88 5.25 8.83 6.18 
10/21/93 5.68 16.6 18.5 1.06 0.85 0.85 5.48 6.06 
10/27/93 6.35 15.4 17.1 0.98 0.81 0.76 5.93 
11/3/93 5.84 16.4 17 1.06 0.94 1.06 5.78 5.48 
11111/93 5.54 15.5 16 1.14 0.8 0.83 6.06 5.5 
11/17/93 14.9 15.8 1 0.8 0.8 5.66 
1214/93 6.06 13.7 15.6 0.89 0.82 0.97 7.03 5.72 
12111/93 6.47 13.2 15.4 0.82 0.87 7.31 
All concentrations in mg/L. Detection limit: 
(blank) = no sample taken 
